We report the novel application of a herbicide-resistance-based dominant marker for the positive selection of expression plasmids in Salmonella serovar vaccines. The ␤-lactamase gene of the plasmid pTETnir15, which expresses fragment C of tetanus toxin (TetC), has been replaced with the bar gene marker. The new plasmid pBAT1 can be positively selected in vitro within Salmonella serovars in the presence of the herbicide DLphosphinothricin. The expression of TetC remains unaltered, and the Salmonella enterica serovar Typhimurium vaccine strain is stable and immunogenic in vivo.
The new generation of Salmonella enterica serovar Typhi vaccine strains is currently undergoing clinical trials as human typhoid vaccines (18) . Such vaccines may also provide potent immunogenic vehicles for the delivery of protective recombinant antigens from other pathogens (8) . Multivalent vaccines can be engineered to express cloned antigens from the chromosome as single-copy genes (2, 7). However, a major drawback is that the expression levels of such antigens are often low, resulting in poor immune responses (5) . This problem may be circumvented by the expression of antigens from multicopy plasmids, which leads to much-higher expression levels, resulting in stronger immune responses (3) .
However, expression plasmids carry antibiotic resistance genes as dominant markers to select for the transformation and inheritance of the plasmid in vitro. As antibiotics are of major clinical importance in the treatment of bacterial infections in humans, a major fear is that resistance genes may spread to pathogenic organisms in the environment. This may render the antibiotic therapeutically ineffective in the treatment of infections with these pathogens. Hence, antibioticresistance-based plasmid selection systems are unacceptable for use in humans.
To circumvent these problems, a number of strategies have been used. One approach has been to delete undesirable selective markers from the chromosome by using a site-specific recombination event (11) . Alternatively, to stabilize the retention of expression plasmids in vivo, a balanced lethal selection system has been developed (15) . A gene conferring resistance to mercury has been successfully used as a selective marker in the development of a live oral cholera vaccine (13) . This gene has been used in Salmonella serovars; however, growth of the resulting strain became impaired, producing an ineffective vaccine strain (S. Chatfield, personal communication). We have attempted to select plasmids in Salmonella serovars by using the luciferase gene, and we have detected transformants by fluorescence (our unpublished observations). However, this too resulted in impaired growth of the transformed Salmonella serovars. Thus, a major challenge in the development of live multivalent bacterial vaccines is the identification of dominant markers. Such markers must confer a positively selectable trait, not impair the physiology or immunogenicity of the vaccine strain, and must be clinically acceptable for use in humans.
We report here the novel application of a herbicide-based positive selection system for expression plasmids in live Salmonella serovar vaccines. The dominant selective marker is a gene designated bar which confers resistance to the herbicide DL-phosphinothricin (PPT) (19, 21) . PPT is an analogue of glutamate and a strong and specific inhibitor of glutamine synthetase (14) . The bar gene encodes the enzyme phosphinothrycin acetyltransferase, which inactivates PPT by transferring the acetyl group from acetyl coenzyme A onto the free amino group of PPT (20) . In the absence of glutamine from the growth medium, the bar gene can be used as a positively selectable marker for the inheritance and maintenance of plasmids. The bar gene has been used with great success by plant genetic engineers as a positively selectable marker gene for transformation (20) .
The plasmid pTETnir15 expresses tetanus toxin fragment C (TetC) from the anaerobically inducible nirB promoter (3). Mice immunized with Salmonella serovars expressing TetC from this plasmid are protected against challenge with lethal doses of tetanus toxin. A serovar Typhi vaccine strain harboring this construct is being considered as a human typhoid and tetanus vaccine. However, the pTETnir15 plasmid carries the ampicillin-resistance (Ap r ) gene encoding ␤-lactamase, which makes the strain unacceptable for use in humans. In this study, we demonstrate the usefulness of the herbicide-based system by replacing the ␤-lactamase gene of the plasmid pTETnir15 with the bar gene.
Salmonellae are sensitive to the bacteriostatic effects of the herbicide PPT. All bacterial strains and plasmids used in this study are listed in Table 1 . Bacteria were cultivated in M9 medium or M9 agar (4) in the presence or absence of ampicillin or PPT (Sigma). The strains C5HtrA and 541Ty were chosen as model strains for serovars Typhimurium and Typhi (9, 13) . Cells from overnight cultures were plated at a series of dilutions onto glutamine-free media supplemented with 0, 2.5, 25, and 250 g of PPT per ml. At 250 g of PPT per ml, no growth of these strains was detectable (data not shown). Thus, both serovars Typhi and Typhimurium are sensitive to the effects of the herbicide. Furthermore, the minimal doses of PPT required for its use were established.
Replacement of the antibiotic resistance marker in a Salmonella serovar expression plasmid with a herbicide resistance marker. The plasmid expressing TetC, pTETnir15, contains the gene encoding ␤-lactamase which confers resistance to the antibiotic ampicillin (3). The ampicillin resistance gene was removed and replaced with the herbicide resistance gene by the strategy outlined in Fig. 1 (17) . A bar gene expression cassette was synthesized by PCR (16) from pSCB1. The PCR was performed by using sense and antisense primers designed to amplify the complete open reading frame of the bar gene (5Ј-TATGAATCAGTTCCATCTACCATGAGCCCAGAAC GA-3Ј and 5Ј-TATCTGCAGTTAGATCTCGGTGACGGGC A-3Ј). This approach had distinct advantages. It allowed the expression of the bar gene from the natural ampicillin resistance promoter, while retaining the integrity of the ribosome binding sequence for efficient expression and also permitting the bar gene to utilize the signal sequence of the ampicillin resistance gene. Furthermore, this strategy simultaneously resulted in the ampicillin resistance gene being partially deleted and insertionally inactivated.
The bar gene in pBAT1 confers resistance to PPT in Salmonella serovars. The pBAT1 construct was electroporated into competent C5htrA cells, and transformants were selected in the presence of PPT. Plasmid DNA was purified from transformants, and the identity of the pBAT1 construct was verified by restriction enzyme mapping. Furthermore, the growth of C5htrA(pBAT1) was inhibited in media supplemented with ampicillin, suggesting that there is no remaining residual activity from the partially deleted and insertionally disrupted ampicillin resistance gene as expected. The pBAT1 construct was electroporated into serovar Typhi 541Ty, and transformants were selected in the presence of PPT and verified as above.
Expression of TetC from pBAT1 in Salmonella serovars. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting were used to compare the ability of C5HtrA(pBAT1) or 541Ty(pBAT1) to express TetC to the ability of the original C5HtrA(pTETnir15) or 541Ty(pTET nir15) strains to express TetC (10) . In each case, Western blots were probed with rabbit anti-TetC polyclonal sera, which revealed no visible differences in the expression levels and stability of the 50-kDa TetC band (data not shown). Thus, it can be concluded that there is no aberrant expression of TetC from the pBAT1 construct as compared to pTETnir15 in either of the two Salmonella serovars.
Stability in vitro and in vivo of pBAT1 in Salmonella serovars. For the bar gene to be an effective dominant selective marker of practical value in a vaccine, host vaccine cells should retain the plasmid construct in the absence of marker selection. The ability of pBAT1 to be stably retained in C5HtrA and 541Ty in vitro in the absence of selection was investigated and compared to the ability of pTETnir15 in C5HtrA and 541Ty to be similarly retained.
Strains were grown in liquid media in the presence or absence of the appropriate selective marker. For C5HtrA(pBAT1) and C5HtrA(pTETnir15), the number of colonies counted from liquid cultures which had been grown in the presence and absence of selection yielded the same number of colonies on plates with and without the selective marker (10) . The plasmid was segregated and lost from approximately 0.5% of the total bacterial population per generation (data not shown). This would suggest that the plasmid pBAT1 is as stably inherited as pTETnir15 in the absence of selection with either PPT or ampicillin, respectively.
The in vivo stability of C5HtrA(pBAT1) and C5HtrA (pTETnir15) in intravenously immunized mice was compared at day 10 postimmunization (10). Mice from each group were sacrificed, and the proportion of salmonellae still retaining the constructs and expressing TetC recovered from livers and spleens was determined by Western blotting of 30 randomly picked colonies. The results reveal no differences in the number of salmonellae which retain the plasmid recovered (Ͼ90%) (data not shown). Thus, it can be concluded that the bar gene product does not place the host cells harboring the construct at a selective disadvantage.
Immunogenicity of pBAT1 in Salmonella serovars. The in vivo stability and immunogenicity of C5htrA(pBAT1) was compared to that of C5htrA(pTETnir15). Groups of 10 female BALB/c mice were immunized intravenously with the respective constructs. Sera were taken from mice at weeks 3 and 5 postimmunization. Antibody responses elicited against TetC were measured by enzyme-linked immunosorbent assay as described elsewhere (10) . It can be clearly seen in Fig. 2 that both vaccine strains evoked equally strong antibody responses to TetC. This provides convincing evidence that the bar gene has no detrimental effect on the immunogenicity of the vaccine strain, and this is, of course, a highly desirable property.
In summary, this study has provided strong evidence to suggest that the herbicide resistance gene bar can be used as a dominant marker for positively selecting expression vectors in Salmonella serovar vaccine strains. Furthermore, the marker gene fulfills the stringent requirements of not altering the stability or immunogenicity of the recombinant Salmonella serovar vaccine strain. Thus, herbicide resistance genes may provide powerful positive selection systems in the development of live multivalent bacterial vaccines which are acceptable for use in humans.
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